The two metabolically versatile actinobacteria, Rhodococcus opacus PD630 and R. jostii 24 RHA1 can efficiently convert diverse organic substrates into neutral lipids mainly consisting 25 of triacylglycerol (TAG), the precursor of energy-rich hydrocarbon. Neither, however, is able 26 to utilize xylose, the important component present in lignocellulosic biomass, as the carbon 27 source for growth and lipid accumulation. In order to broaden their substrate utilization range, 28 the metabolic pathway of D-xylose utilization was introduced into these two strains. 
INTRODUCTION 45
Lipid consisting of fatty acids can be transformed through hydrotreatment into a range of 46 hydrocarbons including green diesel, or by transesterification into biodiesel as renewable fuel 47 replacement (11, 33, 43). As an alternative feedstock for the hydrocarbon, lipid produced by 48 microorganisms has attracted much attention (34). It was reported that a variety of eukaryotic 49 microorganisms such as microalgae, yeasts and fungi accumulate high content of lipids 50 mainly including triacylglycerol (TAG) under imbalanced nutrition conditions (11, 46, 57) . In 51 contrast, most bacteria were able to accumulate the lipophilic storage products such as 52 polyhydroxyalkanoic acid (PHA) or poly(3-hydroxybutyric acid) (PHB) (12, 42). However, a 53 few bacteria, mainly belonging to the genera Acinetobacter, Mycobacterium, Streptomyces, 54
Nocardia and Rhodococcus can accumulate TAG during cultivation under nitrogen limited 55 conditions (4, 54). Especially, the Gram-positive bacteria Rhodococcus strains are of 56 biotechnological importance due to their broad catabolic diversity of enzymatic capabilities 57 (37, 51). It was reported that the metabolically versatile bacterium, Rhodococcus jostii RHA1 58 isolated from lindane-contaminated soil, which is initially known for its outstanding capability 59 to degrade polychlorinated biphenyls (PCBs) (37), could accumulate up to 48.4% and 56.9% of 60 7 ribosome binding site (RBS) was amplified with the primers TacF and TacR by PCR using 133 plasmid pTAC-MAT-Tag-1 (Sigma, St. Louis, MO) as the template. Then the plasmid 134 pNVHis18 was treated by PstI and HindIII, and ligated with the digested PCR product to 135 produce the expression vector, pTACHis18. The 1.2-kb PCR product of xylA was obtained 136 using genomic DNA of Streptomyces sp. TK23 as the template. The PCR product was 137 digested with the restriction endonucleases PstI and KpnI. The digestion product was inserted 138 the plasmid pTACHis18 to generate the xylA expression vector, pXYLA. Similarly, the 139 recombinant expression vector bearing 1.5-kb xylB from Streptomyces sp. TK23 was 140 constructed and designated as pXYLB. The expression cassette of xylB including the coding 141 sequence of xylB and tac promoter was amplified with primers xyl-tac1 and xyl-tac2 using the 142 plasmid pXYLB as the template by PCR. The PCR product was digested with HindIII and 143 inserted into the plasmid pXYLA. The resulting 7.6-kb plasmid, pXYLAB contained both 144 xylA and xylB, and their expression was driven by P tac individually (see Fig. S1 in the 145
Supplemental Material). 146
Disruption of the native RHA1 xylB genes. Analysis of the genome sequence of R. jostii 147 RHA1 revealed that the deduced sequence of the amino acids of two putative ORFs, 148 RHA1_ro02812 (xylB1) and RHA1_ro02901 (xylB2) exhibited significant homologies to the 149 xylulokinase (37). To study the roles of these two candidates in xylose catabolism in the 150 wild-type strain, these two genes were disrupted, and the double knockout was also generated 151 by homologous integration between the fragments of chromosome and the disrupted ORFs in 152 the introduced plasmids (Table 1) . The suicide vector pK18mobsacB was used to develop the 153 plasmids for the deletion of the potential xylB genes from R. jostii RHA1 as described below 154 on October 25, 2017 by guest http://aem.asm.org/ Downloaded from 8 (45, 52). The two DNA fragments, xylB1 and xylB2 containing two possible xylB genes of R. 155 jostii RHA1 were amplified by PCR. The PCR products were digested with EcoRI and 156
HindIII, and cloned into plasmid pK18mobsacB to form the plasmids, pKXYLB1and 157 pKXYLB2, respectively. To disrupt the coding region of xylB1, the plasmid pKXYLB1 was 158 treated with SalI, and then self-ligated. The resulting plasmid was pKB1-SalI (Table 1) . The 159 plasmid pKB2-PstI containing PstI digested DNA fragment was constructed to disrupt the 160 xylB2. The strain, R. jostii RHA1 was transformed with the derivative plasmids of 161 pK18mobsacB, pKB1-SalI and pKB2-PstI by electroporation, respectively. The integration of 162 introduced plasmids into the chromosome by first crossover was selected on LB plates 163 containing kanamycin. The antibiotic-resistant cells were picked up and cultured overnight in 164 LB medium and spread on LB plates containing 10% (w/v) of sucrose without antibiotics. The 165 second crossover of chromosomal DNA led to the kanamycin-sensitive cells, but some of 166 these cells were the recovered wild-type strains. Mutants with the disrupted gene were 167 detected by colony PCR using the same primers for the amplification of the target genes. The 168 single knockouts of xylB1 and xylB2 were designated R. jostii ΔxylB1 and R. jostii ΔxylB2. 169
The xylB2 of the strain with disrupted xylB1 was further deleted to construct the double 170 knockout strain, R. jostii ΔxylB1B2 (Table 1) . 171
Enzyme assays. To investigate the function of the potential enzymes in Rhodococcus strains 172 for xylose utilization, and verify the expression of xylA and xylB from Streptomyces sp. TK23 173 in the recombinants, the enzyme activities of xylose isomerase and xylulokinase were 174 determined by using the cell-free extract. The chemicals used in the enzymatic activity 175 determination were obtained from Sigma (St. Louis, MO). The cell-free extracts of 176 on October 25, 2017 by guest http://aem.asm.org/ Downloaded from the whole-cell lysate was carried out in a 1-ml reaction volume containing 70 mM D-xylose, 179 20 mM MgCl 2 , 5 mM MnSO 4 and 2 mM dithiothreitol in 100 mM Tris buffer (pH 7.5) (29). 180
The reaction mixture was incubated for 30 min at 30 °C, and then added 0.5 M HClO 4 to stop 181 the reaction. The formed D-xylulose was quantified by using the cysteine-carbazole-sulfuric 182 acid assay with measuring the absorbance at 540 nm (17, 18). The enzyme activity of xylulose 183 kinase was determined by the reduction of D-xylulose in the reaction mixture as described 184 before (29). One unit of enzyme activity was defined as the amount of enzyme which 185 generated 1 μmol of the product or consumed the substrate, D-xylulose per minute. The results of enzyme assay showed that D-xylose isomerase and xylulokinase were actively 225 expressed in the recombinants R. jostii XYLA and R. jostii XYLAB (Table 2) . Especially, the 226 expression of these two enzymes in the recombinant was not repressed by glucose present in 227 the media. As shown in Fig (Table 2) . Additionally, as shown in Table 2 , the activity of the enzyme, 252 xylose isomerase for conversion D-xylose into xylulose was not detectable in the wild-type 253 strain. Two possible genes, RHA1_ro02812 (xylB1) and RHA1_ro02901 (xylB2) encoding 254 xylulokinase were found in R. jostii RHA1 by homology analysis. As shown in Fig. 3 , the 255 xylB2-disrupted strain R. jostii ΔxylB1_xylA grew more efficiently than xylB1-deleted strain 256 R. jostii ΔxylB2_xylA when xylA was coordinately expressed in these two strains. The double 257 knockout of xylB1 and xylB2 carrying the expression vector pXYLA showed minimal growth 258 in the medium containing 10 g/L of D-xylose (Fig. 3) . . However, the biomass 266 yield was remarkably improved on the mixture containing both C5 and C6 sugars ( Fig. 2 and  267 
Fig. 4). 268
Construction and characterization of R. opacus PD630 recombinants. Two recombinants 269 R. opacus XYLA and R. opacus XYLAB were developed by electroporation of the strain R. 270 opacus PD630 with the plasmids pXYLA and pXYLAB, respectively ( Table 1) . As shown in 271 Table 2 , the enzyme activity of xylulokinase in the wild-type R. opacus PD630 could be 272 detected. It also showed that the specific activity of xylose isomerase was observed in the 273 recombinant strains bearing xylA whereas little activity was detected with the wild-type strain 274 of R. opacus PD630 ( Table 2 ). The result showed that both strains could utilize xylose as the 275 sole carbon source with similar growth rates and biomass yields (Fig. 5) . The specific growth 276 rate of the strains cultivated on 30 g/L xylose was about 0.05 h -1 , which was similar to the 277 growth rate of the recombinant of R. jostii RHA1 (Fig. 2 and Fig. 5 ). However, the final A 600 278 of R. opacus XYLAB was approximately 4.3, which was lower than that of R. jostii XYLAB. 279
It also showed that unlike the growth of the R. jostii RHA1 recombinants, expression of xylB 280 from Streptomyces sp. TK23 could neither enhance the cell growth rate, nor the yield of 281 biomass on xylose. 282
Lipid production by Rhodococcus recombinants from D-xylose. In this study, the content 283 of lipid indicated as the total fatty acid was detected. To allow the cells to accumulate lipids, 284 the cells were cultured on glucose or D-xylose under nitrogen limited conditions (23). As 285 shown in Table 3 Fig. 2A) . The functional expression of xylA and xylB was also confirmed by the enzyme 331 assay. In addition, it seems that there is an efficient xylose uptake system in the wild-type 332 strain, as R. jostii RHA1 only required the expression of xylAB for xylose utilization (38). 333
Several xylose transporters were found in bacteria including both the ABC-type transporter 334 and xylose-proton symporter (58). However, there were only two sugar transporters, major 335 facilitator superfamily (MFS) glucose transporter GlcP, and phosphotransferase system (PTS) 336
PtsH responsible for the uptake of fructose were characterized in the strain R. jostii RHA1 (5). 337
In the genome of R. jostii RHA1, there was a putative protein, Ro05189 annotated as the 338 possible xylose transporter (37), but its function needs to be further identified. 339
The enzyme assay of xylulokinase of the wild-type R. jostii RHA1 and R. opacus PD630 340
showed that the strains possessed intrinsic enzyme(s) giving xylulokinase activity (Table 2) . 341
To study its function, the two candidates of the native xylB in R. jostii RHA1, RHA1_ro02812 342 (xylB1) and RHA1_ro02901 (xylB2) were cloned and disrupted. After transformation of the 343 expression vector pXYLA, only one of them, the xylB2-disrupted R. jostii ΔxylB2_xylA 344 showed adequate growth on D-xylose (Fig. 3) . It revealed that the first one, xylB1 played the 345 major role in D-xylose metabolism according to the growth performance on D-xylose. 346
Furthermore, in the wild-type R. jostii RHA1, the enzyme activity of xylulokinase was 347 induced by D-xylose and repressed by glucose (Table 2) conditions. Actually, the highest contents of the lipid for these two strains, 76% and 56.9% 397 were achieved by using the same carbon source, gluconic acid (3, 23). By combination of the 398 results in this study, it suggested that the carbon sources such as D-xylose and gluconic acid 399 metabolized by pentose phosphate pathway were desirable for the lipid accumulation. This is 400 also supported by the calculation of the maximum theoretical yield of SCO produced per 401 xylose consumed, which is around 0.34 g/g (40). The culture conditions for biomass yield and 402 lipid accumulation need to be optimized to achieve higher yield and genetic modification of 403 the strains can further improve the productivity (7, 32, 63). The profiles of the fatty acid of the 404 lipid were studied, and the straight-chain odd-carbon fatty acids were detected due to in the 405 strains both type 1a fatty acid synthetase (FAS) and FAS II responsible for fatty acid synthesis 406 (24). The results confirmed that the D-xylose could be served as one of the desirable carbon 407 sources for lipid production by the recombinants developed in this study. 
